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NOMENCLATURE
m = Fluid fraction left in the capillary tube
U = Tip velocity
Um = Fluid velocity ahead of the interface
Ca = Capillary number
γ = Surface tension
µ = Dynamic Viscosity
κ = Surface curvature of the drop
bn = Radius of the drop apex
ψ = Objective function used in the pattern search algorithm
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ABSTRACT
In this project, we seek to understand the feasibility of carbon sequestration through chemical
reaction of CO2 gas and aqueous Ca(OH)2 which is known to generate CaCO3 precipitates. The
experiments on displacement of aqueous glycerol Ca(OH)2 solution with different molar concentra-
tions (0, 5, 10, 15 and 20 mM) and viscosity (0.186 and 0.437 Pa-s) by pressurized CO2 gas in a
capillary tube were performed. The experiments were also performed for various volumes of aqueous
glycerol Ca(OH)2 solution (15, 17.5, 20 and 22.5 µl) and different pressures of CO2 gas with a range
of 0.2 psig ≤ P ≤ 1.0 psig with an increment of 0.2 psig.
The pendant drop experiments were conducted to measure the equilibrium surface tension values
(γeq) of aqueous glycerol Ca(OH)2 solution in pressurized CO2 gas in order to obtain Capillary
numbers, Ca . When a fluid is displaced by another fluid or pressurized gas, it leaves a residual
film along the walls of the capillary tube. This fluid fraction left or the residual film left in the
capillary tube, which represented by ‘m’, is calculated from the gas-fluid displacement experiments:
m = U−UmU ; where Um is the mean velocity of the fluid ahead of the interface in the fluid displacement
and U is the tip velocity of the interface. The experimental data for no-chemical reaction case and
chemical reaction case are compared and analyzed through ‘m vs Ca’ plots. In contradiction to
past studies, the experiments presented here are the first to study the fluid slugs displaced by a
gas at constant pressure. We have observed a new m = Ca
1
3 relation for the displacement with
no chemical reaction and m = Ca
1
3.5 relation for the displacement with chemical reaction. The
visual representation of gas-fluid interfaces for different liquid volumes and gas pressures were also
interpreted.
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CHAPTER 1. EQUILIBRIUM INTERFACIAL TENSION MEASUREMENT
OF AQUEOUS GLYCEROL Ca(OH)2 SOLUTION AND CO2 GAS
1.1 Introduction
The study of surface tension is quite important due to its large scale applications in industries.
Surface tension can be observed in the form of surface force and also, surface energy. The former
has the dimension of force per unit length which represents the resistance to change a fluid shape
in the presence of another force such as gravity. The latter form has the dimensions of energy per
area where amount of work is required to increase the local surface area of a fluid. Some of the
well-known applications of surface tension in commercial field are: 1) Enhance oil recovery methods
where oil is displaced by another fluid, 2) Automotive coatings, 3)Micro fluids, 4) soil remediation,
5) food products, 6) Glass industry, 7) Pharmacology and in several other industries.
The surface tension data is very necessary to study interfacial fluid flow problems. Consider two
fluids A and B and when a fluid-A is displaced by fluid-B, an interface is formed between the two
fluids. The behavior of two fluids at the interface can be analyzed by finding its surface tension
value, γ . These fluids can be liquid-liquid, liquid-gas and drops or bubbles travelling along a fluid.
Here, a liquid-gas interfacial flow was considered where an aqueous glycerol Ca(OH)2 solution of
different molar concentrations was displaced by a pressurized CO2 gas. Therefore, the equilibrium
interfacial tension values of aqueous glycerol Ca(OH)2 solution with different concentrations in a
pressurized CO2 gas were measured.
The equilibrium surface tension is obtained using pattern search algorithm, a minimization
technique used to estimate multiple unknown parameters. This search method does not use the
gradient of the function and hence is applicable to functions that are not continuous and differentiable.
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Therefore, these are also called derivative-free, direct-search or black box methods. Besides, it
is computationally less expensive to use pattern search method compared to the gradient based
numerical methods. Here, the surface tension value is estimated by taking the minimum between
the known and the unknown data sets. The known data set is obtained from the pendant drop
experiments where drop shape is given through image analysis of experimental data and the unknown
data set can be represented by the Young - Laplace equation which is used to fit the drop shape by
guessing the initial values of surface tension and curvature. The below equation 1.1 corresponds to
the Young-Laplace equation for a pendant drop.




where γn is the surface tension of the drop, κ is the surface curvature, ∆ρ is the difference in density
between two fluids and bn is the radius of the drop apex. The distance between the drop trace from
the experimental images and the drop shape fitted using Young-Laplace equation can be calculated
from their respective co-ordinates along x and z.
di =
√
(xi − xj)2 + (zi − zj)2 (1.2)
Here, xi, zi and xj , zj are the corresponding co-ordinates of experimental drop shape and Y-L fitted
drop shape. The l2 - norm is applied to this search method for effective minimization process. It is
simply the square-root of the sum of square of distance between the known and unknown data sets.
Ψ(c1,n, c2,n, .., cp,n) =
√√√√ I∑
i=1
di(c1,n, c2,n.., cp,n)2 (1.3)
where Ψ(c1,n, c2,n, .., cp,n) is the objective function with p unknown parameters, di is the distance
calculated between the experimental data and the unknown data for I points at an iteration step n.
The search for a minimum value of objective function was performed and continued until a stated
criteria was met. The equations 1.4 and 1.5 represent the conditions to terminate the search process









The equilibrium IFT or Interfacial Tension values were then used to calculate the capillary number,
Ca. The Capillary number is a dimensionless quantity that signifies the relative importance of





where µ is the dynamic viscosity of the fluid, Ut is the tip velocity (Here, velocity at which the gas
is displacing the liquid) and γ is the equilibrium interfacial tension between the liquid and the gas.
The range of capillary number in this project lies between, 0.007 ≤ Ca ≤ 0.2.
1.2 Literature Review
While studying various fluid phenomena in hydrodynamics, it is essential to know the surface
tension at the interface formed. While many researchers had tried to study the cause for capillary
action and the formation of meniscus, it was Dr. Young and Dr. Laplace who came up with the
reasoning and expression for the curvature formation. The relative effect of cohesive and adhesive
forces is the result of capillary rise and also the formation of curvature (Bashforth and Adams,
1883).
The surface tension of a two fluid system can be lowered with the presence of surfactants (short
form for surface acting agents). It was studied by (Levich and Krylov, 1969) that the addition
of surfactants to a two-fluid system with interface that is in motion can vary the surface tension
from time to time due to uneven adsorption of surfactants at the mobile interface. It was also
stated that surfactants dissolved in fluid system can slow down the motion of drops and bubbles
due to difference in adsorbed particles between the frontal and rear surface of the drop at the
time of convective drift in a fluid. In both the cases, a surface tension gradient arises which can
result in the tangential stress along the interface. This behaviour was initially observed by (Bond
and Newton, 1928) while conducting experiments on the study of terminal velocities of spherical
drop and bubbles translating in a high viscous fluid. The experiment results did not agree with
4
the Hadamard-Rybczynski drag law but agreed with the Stokes drag law. They stated that this
discrepancy could be due to the presence of surfactants. Since then, the effect of surfactants on the
interfacial-fluid system has been considered by several researchers.
(Stone, 1994) studied drop deformation and break up due to relative effect of magnitude of
interfacial tension forces and viscous forces at low Reynolds number. The study of dynamics of drop
deformation and break up provided insight into several scientific applications such as deformation of
biological cells and liquids inside elastic membrane, emulsion formation, mixing of molten polymers
and various other applications. Consider a newtonian fluid drop in a simple and steady flow and the
interfacial tension forces resists the deformation of drop due to viscous flow around it and therefore,
reaching an equilibrium. However,the drop deformation and break up conditions in various flow
types at critical capillary number for high and low viscosity ratios was studied by (Stone, 1994).
This theory was also adapted in jet dynamics where the study of break up of jets is necessary in
fields like liquid jet propulsion, diesel engine technology, agriculture sewage and powder technology
(Eggers and Villermaux, 2008).
An improvised expression for film thickness formed on a plate when dragged out of a bath at
constant speed, with gravity corrections, was provided by (White and Tallmadge, 1965) based on
(Landau and Levich, 1988) work. L. Landau and B. Levich estimated the thickness of film as a
function of withdrawal velocity (U), density (ρ), surface tension (γ) and viscosity of a fluid (µ);
which can also be represented as a capillary number, Ca = µUγ .
1.3 Experiments
1.3.1 Materials and Set up
An airtight acrylic container was built to obtain IFT measurements of 90% aqueous glycerol
Ca(OH)2 solution in a pressurized CO2 gas. An extruded clear acrylic tube of dimension 53 mm
× 53 mm × 53 mm was used and the ends were glued with two clear acrylic plates of dimension
63 mm × 63 mm × 2 mm . The acrylic container was drilled on two opposite faces and fixed
with straight push-to-connect pneumatic fittings to provide CO2 inlet and outlet. The inlet was
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connected to a pressure transducer (Marsh Bellofram) and the outlet was connected to a two-way
valve using a plastic pipe. The other end of pressure transducer was connected to a CO2 gas storage
tank that provides pressurized CO2 gas for the experiments. The pressure transducer was operated
by a function generator (Agilent) that regulates the CO2 gas pressure as required. The top face
of the container was drilled and inserted with a 22 gauge stainless steel type 3 needle (Hamilton)
to create a pendant drop. This needle was fitted to a 100 µl Gastight syringe (Hamilton) and the
syringe’s plunger was driven by a vertically oriented syringe pump (New Era Pump Systems). The
SyringePumpPro, a syringe pump control software was used to generate desired volume of the drop
at a rate of 80 µl/min. A CCD camera(PixeLINK) was placed in front of the acrylic container
to capture the images of the pendant drop. The contrast between the drop and the continuous
phase was achieved by placing a 15 - Watt light source vertically behind the acrylic container. The
experiment was performed at various gauge pressures of CO2 gas, ranging from 0 psig to 1 psig
with an increment of 0.2 psig i.e (0.2, 0.4, 0.6, 0.8 and 1 psig) for every concentration of Ca(OH)2:
0 mM - 20 mM, with an increment of 2.5 mM. A 0.63 Kg of 90% glycerol-water mixture which has
viscosity of 0.186 Pa-s (at room temperature) was mixed with 0.000748 Kg of Ca(OH)2 powder
to prepare 20 mM molar concentration of aqueous glycerol Ca(OH)2 solution. This concentrated
solution was diluted with 90% glycerol-water mixture as required to obtain 2.5, 5, 7.5, 10, 12.5, 15
and 17.5 mM solutions.
1.3.2 IFT Measurement
To perform experiments, the syringe was filled with aqueous glycerol Ca(OH)2 solution and
attached to the syringe pump vertically as shown in the figure 1.1. The valve of the CO2 gas
storage tank was turned on and the function generated was operated at desired voltage to obtain
corresponding pressure. The outlet valve was closed once the purging is done. When the syringe
pump pushes the plunger to generate a pendant drop; the camera placed in front of the container
captures the video for a length of 15 seconds at 30 fps. The video is then processed in MATLAB
where the pattern search minimization method was used to calculate the surface tension value.
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Figure 1.1 The above figure shows the parts of experimental setup of IFT measurement:(I)
Pendant drop method set up , (II) Acrylic container fitted with needle (22
gauge stainless steel type 3), (III) Inlet (other end connected to pressure
transducer), (IV) Outlet connected to a two-way valve, (V)A 100µl Gastight
syringe (Hamilton), (VI) Syringe pump (New Era Pump Systems) and (VII)
Light source behind the syringe pump.
The set up and syringe was washed with water and dried, before performing an experiment with a
different concentration to avoid contamination from previously used concentration.
1.4 Results
Figure 1.2 shows the interfacial tension values of 90% aqueous glycerol in a continuous phase
of CO2 gas at different pressures. The transient surface tension and drop volume were calculated
beginning from the time when fluid is being dispensed from the syringe pump and continued until γeq
is obtained. It takes about 4 seconds to generate a pendant drop with maximum volume,V ≈ 9 µl
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Figure 1.2 Plot of 90% aqueous glycerol - 0mM interfacial tension and drop volume values
versus time. The equilibrium surface tension is achieved when the drop has
attained its maximum volume and is stable.
of 90% aqueous glycerol solution dispensed at the rate of 80 µl/min from the syringe pump. It can
also be seen from figure 1.2 that surface tension value remains unchanged from t ≈ 5 s and hence
reaching an equilibrium state. The change in γ values was observed during the time span when
drop shape was constantly varying as dispensed from the syringe until the maximum volume was
attained. For 90% aqueous glycerol solution in pressurized CO2 gas, the surface tension values has
a range of 65.9mN/m ≤ γ ≤ 67.7mN/m for a pressure value of range 0.2 psig ≤ P ≤ 1 psig.
Further, figure 1.3 shows the transient surface tension values of 90% aqueous glycerol Ca(OH)2
pendant drop with 20 mM concentration in a pressurized CO2 gas phase. The surface tension values
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Figure 1.3 Plot of 90% aqueous glycerol - 20mM interfacial tension and drop volume values
versus time. The equilibrium surface tension is achieved when the drop has
attained its maximum volume and is stable.
lies in the range of 64.14 mN/m ≤ γ ≤ 66.55 mN/m for a given gauge pressure of range 0.2 psig ≤
P ≤ 1 psig. An equilibrium surface tension was achieved just after the drop volume was stabilized
(that is, after reaching a maximum volume) at t ≈ 5 s and so was the result in 90% aqueous glycerol
- CO2 (i.e., 0 mM) gas case. Also, transient surface tension values and respective drop volumes
were calculated for several other concentrations (2.5, 5, 7.5, 10, 12.5,15 and 17.5 mM) at varying
pressures of CO2 gas and the results were very much close to 0 mM and 20 mM concentrations of
90% aqueous glycerol Ca(OH)2 solution. These results are shown in the IFT versus Concentration
plot (Figure 1.4).
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Figure 1.4 Equilibrium surface tension, γeq of 90% aqueous glycerol Ca(OH)2 in a contin-
uous phase of CO2 gas versus its concentration is shown in the above figure.
Surface tension of each concentration is also measured at different pressures. Dif-
ferent symbols in the plot represents surface tension values at different pressures
for the respective concentration.
Figure 1.4 shows the plot of equilibrium surface tension values of 90% aqueous glycerol Ca(OH)2
for different concentrations. The different marker shapes represent the γeq at different CO2 gas
pressures. It can be seen that the most of the equilibrium surface tension values for all experiments
lies in the range, 64.7 mN/m ≤ γ ≤ 67.7 mN/m. The γeq was calculated by taking the average of
transient surface tension values obtained at last few seconds for a given concentration. Also, varying
CO2 gas pressure did not change the equilibrium surface tension values significantly and there is no
trend followed in the γeq with the increase in pressure.
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Table 1.1 Equilibrium IFT values of 90% aqueous glycerol Ca(OH)2 solution at different
concentrations in a continuous phase of CO2 gas at various pressures.
Equilibrium IFT - γeq(mNm
−1)
Conc(mM)/Pressure(Psi) 0.2 psig 0.4 psig 0.6 psig 0.8 psig 1.0 psig
0 mM 67.6797 66.7952 66.7844 65.8246 65.8757
2.5 mM 66.5475 66.955 66.9533 67.2840 66.9674
5 mM 65.0565 64.8751 66.1516 66.1214 65.2016
7.5 mM 67.6702 66.5479 67.6424 66.5730 67.5435
10 mM 66.3854 66.507 66.4388 68.7398 67.2803
12.5 mM 66.4048 66.8451 67.1517 66.5683 67.4673
15 mM 66.5736 64.9266 65.6998 65.9416 66.3385
17.5 mM 66.0645 66.0605 67.0811 67.1477 66.2519
20 mM 66.2307 66.5464 65.6547 64.1427 65.8604
1.5 Conclusion
Table 1.1 shows the equilibrium surface tension values of different concentrations of 90% aqueous
glycerol Ca(OH)2 solution at varied pressures of CO2 gas. These γeq values are used in the next
chapter to calculate the capillary number, Ca - a dimensionless quantity used to interpret the
relative effect of capillary forces and viscous forces. The surface tension value is effected by the
change in curvature of the pendant drop and hence the change in γ value in figures 1.2 and 1.3. As
the drop is dispensed from the syringe; the shape of drop keeps changing until a maximum volume
is attained and the drop shape is stabilized. After the drop has reached its maximum volume, the
equilibrium surface tension is immediately achieved. The curvature did not seem to change much
with varying CO2 gas pressure and hence a very little change in the γeq value. This is because the
interaction of CO2 gas molecules at varying pressures with the 90% aqueous glycerol Ca(OH)2 drop
at the interface is not effective for such short time scale. The video was captured for such a short
length of time because the displacement of a fluid by a gas in a capillary takes only a few seconds.
The time required to achieve maximum drop volume could not be shortened due to the presence of
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glycerol, a high viscous fluid in the solution. The glycerol was used for two reasons: 1) glycerol has
high solubility with Ca(OH)2 and 2) glycerol increases the viscosity of aqueous Ca(OH)2 solution
and therefore slows the time of displacement by a gas which helps in capturing an experimental
video at decent frame rate that can produce images with detailed interface.
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CHAPTER 2. CAPILLARY DISPLACEMENT
2.1 Motivation
Due to current global climate conditions, it has become imperative to reduce CO2 emissions all
around the world. The use of CO2 gas in enhanced oil recovery (EOR) is widely known and storing
the excess CO2 gas after oil recovery in nearly depleted oil well is known as carbon sequestration.
The three primary locations where large scale CO2 can be captured are: Oil and gas industries,
Fossil-fuel power production and Iron, cement and chemical production industries. There are already
few suggested ways to capture and store CO2 gas, such as: storage in deep saline aquifers, or
depleted oil wells and coal seams (Gielen et al., 2004). In this project, we would like to understand
the effectiveness of CO2 sequestration through chemical reaction of CO2 gas and aqueous Ca(OH)2
solution which is known to generate Ca CO3 precipitates. This chemical reaction is known to occur
naturally although at a very slow rate. When slightly pressurized CO2 gas was injected into aqueous
Ca(OH)2 solution, the formation of Ca CO3 deposits could assure permanent storage of CO2 (White
and Ward, 2012).
Here, the experiments on displacement of aqueous glycerol Ca(OH)2 solution with different
concentrations (0, 5, 10, 15 and 20 mM) and viscosity (0.186 and 0.437 Pa-s) by pressurized CO2
gas in a capillary tube were performed. The experiments were also performed for various volumes of
aqueous glycerol Ca(OH)2 solution (15, 17.5, 20 and 22.5 µl) and CO2 gas pressures of range 0.2
psig ≤ P ≤ 1.0 psi with an increment of 0.2 psig.
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2.2 Literature Review
The immiscible displacement of fluids in a capillary tube has been an interesting area of study
since several decades due to its predominant application in secondary oil recovery. Also, other
commercial fields where the study of immiscible dispacement is emphasized are injection well
applications (Bossie-Codreanu et al., 2003) and fluid-assisted injection molding technologies(Parvez
et al., 2002). Several researchers had investigated the behavior of fluid-fluid interface in a porous
media. (Templeton et al., 1954) studied the air-liquid and oil-water displacement in pyrex caillaries
of varying diameters ranging from 3µm− 35µm. Later, (Saffman and Taylor, 1958) and (Chuoke
et al., 1959) observed the viscous fingering instabilities of liquid-liquid displacement in a Hele-Shaw
cell and provided stability analyses derived from Darcy’s equation.
The viscous fingering problem has been later studied by many researchers to avoid instabilities
in the displacement. Researchers have preformed displacement experiments in Hele-Shaw cell using
newtonian fluids (Chuoke et al., 1959; Saffman and Taylor, 1958; Paterson, 1981; White and Ward,
2012)as well as non-newtonian fluids(Nittmann et al., 1985; Buka et al., 1987). One such study
which is very relevant to this thesis is (White and Ward, 2012) where the displacement of aqueous
Ca(OH)2 of different concentrations was displaced by pressurized CO2 gas in a Hele Shaw cell. The
objective of this study was to understand the effectiveness of sequestering CO2 as a form of CaCO3
precipitate via chemical reaction with aqueous Ca(OH)2 solution as it is displaced.
The residual film thickness left along the wall of the capillary tube after displacement is denoted





where U is the velocity of the interface and Um is the mean velocity of the fluid ahead of the
interface. This equation was developed by (Fairbrother and Stubbs, 1935) for his experiments.
(Taylor, 1961) performed air displacing glycerol experiments for capillary numbers (Ca ≤ 1.9) higher
than Fairbrother & Stubbs. He concluded that his experimental results matched with Fairbrother &
Stubbs m = Ca
1
2 up until Ca = 0.09 and however, the increase in m value slows down reaching an
asymptotic value of 0.56 beyond Ca = 0.09. Later, (Cox, 1962) conducted displacement experiments
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using Golden syrup & Carbon-tetrachloride (CCl4)and found the asymptotic value of m to be 0.6 (a
very close agreement with Taylor’s m value) as µUγ value reached 10.
The fluid film formed inside a capillary tube while long bubbles are drifting in a viscous flow
was investigated by (Bretherton, 1961) at very low capillary numbers. The author derived a relation
between fluid fraction left in the tube and the capillary number, which seemed to disagree with the
m = Ca
1
2 suggested by (Fairbrother and Stubbs, 1935) for Ca < 0.003. He suggested that for such
low capillary numbers of order Ca < 10−3, m = Ca
2
3 and which was later bolstered by (Cox, 1962).
The study of Bretherton problem was then studied with the effect of surfactants in gas bubbles
by (Ratulowski and Chang, 1989) and (Olgac and Muradoglu, 2013) where the results agreed with
the (Bretherton, 1961)’s m = Ca
2
3 relation. The presence of surfactants in the long bubbles caused
the increase in film thickness. (Ratulowski and Chang, 1989)’s analytical study stated that the
increase in film thickness at low and high capillary number was due to slower diffusion of surfactants
along the bubble which in turn produce Marangoni stresses (developed when surface tension gradient
is present). (Olgac and Muradoglu, 2013) showed similar results computationally for insoluble and
soluble surfactants on the long bubbles especially for low Ca values.
The study of deposition of fluid on the wall after displacement by (Taylor, 1961) was further
investigated by (Aussillous and Quéré, 2000). They have performed similar gas-fluid displacement
experiments but with very low viscosity. The authors discoursed that their results did not agree
with (Taylor, 1961)’s data above a critical capillary number, Ca∗ and observed increase in film
thickness. The thickening effect reduces after a certain capillary number (greater than Ca∗ and
denoted as Ca∗∗) due to geometry effect of the tube. They have found a capillary interval region
where the thickening of film is observed due to visco-inertia effect.
(Soares et al., 2005) investigated the liquid-liquid displacement of immiscible fluid experimentally
and computationally for a wide range of capillary numbers and also showed the results of mass
fraction with varying viscosity ratio, Nµ (i.e.,
µ−displacedfluid
µ−displacingfluid). The point to be noted is the range
of Ca and Nµ values for experiments are less than that of computational analysis in their work due
to limitations in experimental procedure. They used soybean oil as the displaced liquid and aqueous
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ethanol and aqueous PEG of different concentrations (to obtain wide range of viscosity ratio) as the
displacing liquid. The authors showed that for a particular Ca number, the fluid film left along the
tube walls is inversely proportional to the viscosity ratio. Later, (Soares et al., 2006) have done
computational analysis on gas displacing non-newtonian liquids in capillary tubes where Galerkin
FEM was applied to two different equation models, namely, 1. generalised newtonian model and 2.
Algebraic non-newtonian model and compared computational data with experimental data from
available literature.
2.3 Experiments
2.3.1 Materials and Apparatus
An acrylic box of dimension 25.4 mm × 25.4 mm × 100 mm was built and a capillary tube
(Drummond Scientific) of diameter d ≈ 800 µm and length L = 100 mm was placed inside the
acrylic box. The container was filled with glycerol solution to minimize the distortion created by
the curved surface of glass capillary tube. The capillary tube inlet was connected to a inlet manifold
made of acrylic and the outlet was left open. The inlet manifold has a dimension of 50 mm ×
50 mm × 50 mm and an inverted ‘T’ shaped channel of circular cross-section was drilled into it.
One of the bottom opening was connected to the capillary tube and the other was connected to a
pressure transducer (Marsh Bellofram) through a plastic tube as shown in figure 2.1. The pressure
transducer was operated by a function generator (Agilent) that regulates the pressure of incoming
CO2 gas from the storage tank. The top opening was connected to a tube in series with a two-way
valve which acted as a relief valve to remove any air bubbles prior to performing an experiment. A
100 µl gas-tight syringe (Hamilton) with a 22 gauge stainless steel type 3 needle (Hamilton) was
used to fill the capillary tube with a fluid from the inlet. A CCD camera(PixeLINK) was placed in
front of the acrylic container to capture the video of the gas displacing the fluid.
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Figure 2.1 The above figure shows the parts of experimental setup of Fluid displacement:(I)
Capillary displacement setup, (II) Pixelink CCD camera, (III) Capillary tube
(L = 100 mm & d ≈ 800µm), (IV) Inlet, (V) Relief valve, (VI) Outlet and (VII)
Light source
2.3.2 Fluids
A 90% and 95% glycerol-water mixture (Glycerol: Fisher Scientific, diluted with distilled water
to obtain 90% and 95% mixtures) were initially used as displaced fluids at different volumes. The
CO2 gas and air were used as displacing fluid at varied pressures. For the chemical reaction,
0.63 Kg of 90% and 95% glycerol-water mixture which has viscosity of 0.186 Pa-s and 0.4372 Pa-s
respectively, was mixed with 0.000748 Kg of Ca(OH)2 powder to prepare 20 mM molar concentration
of corresponding Ca(OH)2 solution. This concentrated solution was diluted with 90% and 95%
glycerol-water mixtures as required to obtain 5, 10 and 15 mM concentrations. These different
molar concentrations of aqueous glycerol Ca(OH)2 solutions were displaced using pressurized CO2
gas. Table 2.1 displays the different physical properties of displacing and displaced fluids.
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Table 2.1 Properties of displacing and displaced fluids
Fluid ρ(Kg.m−3) µ(Pa− s)
Gas
Air 1.292 1.849 × 10−5
CO2 1.796 1.484 × 10−5
Displaced Fluid
90% Aqueous Glycerol Ca(OH)2 - [0, 5, 10,
15 and 20 mM]
1233.1 0.186
95% Aqueous Glycerol Ca(OH)2 - [0, 5, 10,
15 and 20 mM]
1246.4 0.4372
2.3.3 Procedure
A desired volume of a fluid plug was filled into the capillary tube through inlet using a 100 µl
syringe (Hamilton) manually while the relief valve was left open. The inlet was then connected
to the pressure transducer through a plastic tube and the relief valve was closed. The function
generator was set to a voltage that provides a desired pressure as output. A CCD camera placed
in front of the set up was adjusted to focus on the region slightly ahead of the fluid plug. When
the camera starts capturing the video; the output is switched on and the fluid is displaced by the
incoming gas. The videos are captured at 800fps for 1.0 psig ≤ P ≤ 0.5 psig and at 400fps for 0.2
psig ≤ P ≤ 0.4 psig.
The experiments are divided into two categories: 1. Displacement with no chemical reaction and 2.
Displacement with chemical reaction. For the former category, the 90% and 95% glycerol-water
solutions were displaced by air (Here, the pressure transducer is connected to pressurized air supply
valve). Each solution is displaced by air at varied pressures ranging from 0.2 psig to 1.0 psig with
an increment of 0.2 psig and the displacement with varied pressures were repeated with different
volumes - (15, 17.5, 20 and 22.5 µl) of fluid plugs as well. The fluid plugs of volume 15, 17.5, 20 and
22.5 µl has corresponding length of 30 mm, 35 mm, 40 mm and 45 mm. In the chemical reaction
experiments, 90% and 95% Aqueous Glycerol Ca(OH)2 solutions of 5, 10, 15 and 20 mM were
displaced by CO2 gas at various pressures and repeated with different volumes as explained above.
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Figure 2.2 Schematic of the displacement experiment: Here, pressurized CO2 gas is dis-
placing the aqueous glycerol Ca(OH)2 solution in a capillary tube of length, L
and inner diameter, d2. ‘r’ and ‘z’ denotes the radial and axial coordinates. (I)
represents the leading interface of air at Patm & fluid plug and (II) represents
the trailing interface of fluid plug & CO2 at P(t>0) > Patm. An annular-residual
film thickness ‘t’ remains inside the capillary tube after fluid displacement. The
fluid plug is displaced at mean velocity, Um and the pressurized gas is displacing
with tip velocity, Ut.
2.3.4 Image Analysis
For the measurement of mean and tip velocity, the camera’s region of interest was placed slightly
ahead of fluid plug and thus captures the entrance of leading interface (displaced fluid in contact
with the atmospheric air) and until the trailing interface (displacing gas in contact with displaced
fluid) leaves the camera’s viewing region. The figure 2.2 shows the schematic of fluid displacement
where (I) is the leading interface and (II) is the trailing interface. A residual film of displaced fluid
with a thickness ‘t’ is left behind as the pressurized CO2/air displaces the fluid plug.
The video is then analyzed in MATLAB where the light intensity of each frame was measured
in the selected axial position and plotted against pixel numbers in the axial direction. The leading
and the trailing interface was tracked by identifying the axial position with the minimum light
intensity. Figure 2.3 shows the pixel intensity value plotted against the pixel number where the
sudden drop in the pixel intensity can be noted corresponding to the interface position. Since the
interface appears in dark grey color, it has the minimum pixel intensity while the fluid that appears
in white color has higher pixel intensity. Hence, the minimum value in the axial position can be
found for all the frames and the interface position can be tracked. The inner diameter ‘d2’ of the
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Figure 2.3 Here, the figure on the left is the pixel intensity value plotted against pixel
number of the image and the figure on the right is the image where gas-fluid
interface is being tracked. The average pixel value has minimum intensity at
the interface position and this minimum value is tracked for all the frames.
capillary tube is known and number of pixels between inner diameter can be known by selecting
the inner boundaries of capillary tube. Therefore, dividing the inner diameter, ‘d2’ with number of
pixels between the inner boundaries can give us the value of one pixel. The pixel value is then used
to calculate the position value of interface for each frame. The captured videos have a resolution
of 500 × 80 pixels and each pixel has a dimension of 15 µm × 15 µm. Similarly, figure 2.4 shows
the pixel intensity values plotted against pixel numbers for the corresponding fluid displacement
experiment image on the right. An axial position is selected anywhere on the dark region of image
and the point where pixel intensity value jumps to high intensity from a very low value represents
the leading interface and this particular position is tracked for every frame of the video.
The position values of the leading and trailing interface were plotted against their respective
time as shown in figure 2.5. The figure 2.5 shows the position versus time plots for leading interface
and trailing interface of 90% aqueous glycerol Ca(OH)2 with molar concentration, 15 mM and fluid
slug volume of 20 µl (which has a slug length of 40 mm) and the fluid was displaced by CO2 gas at
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Figure 2.4 The figure on the left is the pixel intensity value plotted against pixel number
of the image and the figure on the right is the image where leading interface is
being tracked. The point where the pixel intensity jumps to the highest value
is the position of leading interface and that particular position was tracked.
0.8 psig. The slope of the position versus time plots of the leading interface and trailing interface
were calculated to measure the mean velocity, Um and the tip velocity, Ut respectively. Finally,
the residual film thickness ‘m’ (equation 2.1)and capillary number ‘Ca’ were calculated in order to
obtain ‘m vs Ca’ plots.
2.4 Results: Displacement with no chemical reaction
The figure 2.6 shows the fluid fraction left along the walls of capillary tube, ‘m’ plotted against
capillary number, Ca for 90% and 95% aqueous glycerol solution that has viscosity of 0.186 Pa-s and
0.437 Pa-s respectively. The 90% and 95% aqueous glycerol solution was displaced by air as well as
CO2 gas at different pressures as explained in the section 2.3.3. The different marker shapes in the
plot represents different fluid slug volumes - 15, 17.5, 20 and 22.5 µl that has corresponding fluid slug
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length of 30, 35, 40 and 45 mm and is shown in the legend. The marker color represents the fluid
displacement pair i.e., the concentration of displaced fluid and the displacing fluid - pressurized gas
(air or CO2). The dotted curve represents Taylor’s data (Taylor, 1961) and solid line represents the
Ca
1
2 (Fairbrother and Stubbs, 1935). The experimental data is fitted with Ca
1
3 which is represented
in dashed lines. This data is also compared with Ca
1
3.5 curve (dash-dot line) but most of the data
falls on the Ca
1
3 curve. The gas-fluid displacement with no chemical reaction has capillary number
of range, 0.0092 ≤ Ca ≤ 0.198 and fluid fraction left of range, 0.047 ≤ m ≤ 0.596.
The figure 2.7 shows an array of leading interface images of 90% aqueous glycerol solution
displaced by pressurized air at different capillary numbers and lengths of fluid slug. The dark region
is the air at atmospheric pressure and the white region is 90% aqueous glycerol displaced by air
(or CO2 in other cases) at pressure greater than atmospheric pressure (fluid was displaced from
right to left in all images). It can be seen that for a given fluid slug length, as the capillary number
increases the interface curvature also increases gradually. For example, the leading interface image
for fluid slug length of 30 mm and Ca = 0.0371 is very flat where as the interface image for fluid
slug length of 30 mm and Ca = 0.1924 has a convex - shaped curvature. Also, as the fluid slug
length increases the capillary number decreases when fluid is displaced at specific pressure for all
lengths and therefore, the decrease in curvature as the fluid slug length increases.
The figure 2.8 shows an array of trailing interface images of 90% aqueous glycerol solution
displaced by pressurized air at different capillary numbers and lengths of fluid slug. Here, the dark
region is the gas displacing 90% aqueous glycerol at a pressure grater than atmospheric pressure
and the white region is 90% aqueous glycerol solution in contact with pressurized air forming an
gas-liquid interface (fluid was displaced from right to left in all images). For a given slug length, the
fluid film residual on the capillary tube increases as the capillary number is increased. Consider the
fluid slug length, 30 mm, as an instance where the residual film is visible prominently for the higher
capillary number, Ca = 0.1924 in relative to the lower Capillary number, Ca 0.0371. Similarly, the
capillary number decreases as the slug length increases when displaced at a specific pressure and
hence, smaller fluid slug has larger fluid film residual compared to longer fluid slug.
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2.5 Results: Displacement with chemical reaction
The figure 2.9 shows the fluid fraction left along the walls of capillary tube, ‘m’ plotted against
capillary number, Ca for 90% and 95% aqueous glycerol Ca(OH)2 solution that has viscosity of
0.186 Pa-s and 0.437 Pa-s respectively. The 90% and 95% aqueous glycerol solution was displaced
by CO2 gas at different pressures and the experiments were repeated for various concentrations (5,
10, 15 and 20 µl). The different marker shapes in the plot represents different fluid slug volumes
- 15, 17.5, 20 and 22.5 µl that has corresponding fluid slug length of 30, 35, 40 and 45 mm and
is shown in the legend. The marker edge color represents the fluid displacement pair i.e., the
concentration of displaced fluid and the displacing fluid - pressurized CO2 gas. The marker fill color
indicates the viscosity of aqueous Ca(OH)2 solution - grey filled marker is 0.4372 Pa-s (i.e., 95%
glycerol content) and cyan filled marker is 0.186 Pa-s (i.e., 90% glycerol content). The dotted curve
represents Taylor’s data (Taylor, 1961) and solid line represents the Ca
1
2 (Fairbrother and Stubbs,
1935). The experimental data is fitted with Ca
1
3.5 which is represented in dash-dot lines. This data
is also compared with Ca
1
3 curve (dashed lines) as the displacement with no chemical reaction case
data follows this curve. The gas-fluid displacement with chemical reaction has capillary number of
range, 0.0073 ≤ Ca ≤ 0.192 and fluid fraction left of range, 0.043 ≤ m ≤ 0.61.
Figure 2.10 shows the comparison between m vs Ca plots for 90% and 95% aqueous glycerol
Ca(OH)2 and pressurized CO2 gas displacement experiments. It can be observed that aqueous
glycerol Ca(OH)2 solution even with different viscosity still follow the same Ca
1
3.5 curve represented
in dash-dot lines. It is also compared with Taylor’s data (dotted curve), Ca
1
2 relation curve (solid
line) and Ca
1
3 relation curve (dashed lines).
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(a) Leading interface position versus time
(b) Trailing interface position versus time
Figure 2.5 The position versus time plots for leading interface (a) and trailing interface (b)
of 90% aqueous glycerol Ca(OH)2 with molar concentration, 15 mM and fluid
slug volume of 20 µl (which has a slug length of 40 mm) and was displaced by
CO2 gas at 0.8 psig.
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Figure 2.6 The plot of fluid fraction left, m versus Capillary number, Ca for 90% and 95%
aqueous glycerol solution displacement by pressurized air and CO2. Different
marker shapes represent the fluid slug volume used in the capillary tube for the
displacement experiment and marker colors represent the fluid displacement pair.
Dots represent the Taylor’s data, solid line represent Ca
1
2 and the experimental
data follows the Ca
1
3 curve (dashed lines).
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Figure 2.7 An array of leading interface images of 90% aqueous glycerol solution displaced
by pressurized air at different capillary numbers and fluid slug lengths.Dark
region corresponds to air at atmospheric pressure where as the white region is
the fluid that is being displaced. The scale bar shown in the images has 0.5
mm length. The effect of change in leading interface curvature as the Ca value
increases can be seen here.
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Figure 2.8 An array of trailing interface images of 90% aqueous glycerol solution displaced
by pressurized air at different capillary numbers and fluid slug lengths. The
pressurized air leaves a residual film along the walls of capillary tube as it
displaces the fluid. The thickness of residual film increases as the capillary
number increases and can be seen visually in the above figure. Scale bar = 0.5
mm
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Figure 2.9 The plot of fluid fraction left, m versus Capillary number, Ca for 90% and
95% aqueous glycerol Ca(OH)2 solution of various concentrations displaced by
pressurized CO2 gas. Different marker shapes represent the fluid slug volume
used in the capillary tube for the displacement experiment and marker edge
colors represent the fluid displacement pair. The marker fill color indicates the
viscosity of aqueous Ca(OH)2 solution - grey filled marker is 0.4372 Pa-s (i.e.,
95% glycerol content) and cyan filled marker is 0.186 Pa-s (i.e., 90% glycerol
content). Dots represent the Taylor’s data, solid line represent Ca
1
2 and the
experimental data follows the Ca
1
3.5 curve (dash-dotted lines).
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(a) 90% aqueous glycerol Ca(OH)2 data.
(b) 95% aqueous glycerol Ca(OH)2 data.
Figure 2.10 Plot of residual film left after displacement versus Capillary number for aqueous
glycerol Ca(OH)2 solution displaced by CO2 gas at various pressures. (a)
corresponds to experimental data of aqueous glycerol Ca(OH)2 solution with
viscosity, 0.186 Pa-s & (b) corresponds to experimental data of aqueous glycerol
Ca(OH)2 solution with viscosity, 0.4372 Pa-s. It can be observed that aqueous
glycerol Ca(OH)2 solution with different viscosity follow the same Ca
1
3.5 curve
for a m vs Ca plot.
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(a) m vs Ca plot for no-chemical reaction experiments
(b) m vs Ca plot for no-chemical reaction experiments
Figure 2.11 The difference in ‘m vs Ca’ plots for gas-fluid displacement experiments involv-
ing no-chemical reaction and chemical reaction. (a) corresponds to experimental
data of aqueous glycerol solution with different viscosity displaced by pressur-
ized gas (air and CO2) & (b) corresponds to experimental data of aqueous
glycerol Ca(OH)2 solution with different viscosity and molar concentrations
displace by a pressurized CO2 gas. It can be observed that (a) follows Ca
1
3
curve while (b) follows Ca
1
3.5 curve for a m vs Ca plot.
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CHAPTER 3. CONCLUSION AND FUTURE WORK
The experiments on displacement of aqueous glycerol solution of different viscosity by pressurized
air and CO2 gas were performed for a no-chemical reaction case. The displacement of aqueous
glycerol Ca(OH)2 solution of different viscosity and different concentrations and pressurized CO2
gas experiments were done for a chemical reaction case. The range of ‘m’ for a no-chemical reaction
and chemical reaction case is 0.047 ≤ m ≤ 0.596. and 0.043 ≤ m ≤ 0.61 respectively as Ca value
approaches 0.2. In a typical ‘m vs Ca’ plot, we have observed m = Ca
1
3 relation for aqueous
glycerol-gas displacement experiments and Ca
1
3.5 relation for chemical reaction involved experiments
. This suggests that there is a slight increase in residual film left for a chemical reaction case in
relative to no-chemical reaction displacement experiments over a specific capillary number range.
The relation between m and Ca for a displacement experiment in a capillary tube did not agree
with the results of (Fairbrother and Stubbs, 1935), (Taylor, 1961), (Cox, 1962) and (Bretherton,
1961). However, the value of fluid fraction left reaches an asymptotic value of 0.6 as stated by (Cox,
1962). In contradiction to past studies, the experiments presented here are the first to study the
fluid slugs displaced by a gas at constant pressure. The fluid slugs are typically displaced by another
fluid at a constant flow rate in the previous studies rather than by a gas at a constant pressure .
The experiments on constant pressure gas-driven displacement of fluids were studied in the past
using a Hele-Shaw cell but not in a capillary tube (Ward and White, 2011), (White and Ward, 2012)
and (White and Ward, 2014). (Taylor, 1961) has worked on pressurized air displacing high viscous
fluids but he displaced fluids that are filled completely in tubes at very high pressures over a high
capillary number range. Since fluid slugs of different volumes are displaced by a gas at a constant
pressure in these experiments; we reach an asymptotic value of m at a shorter range of capillary
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number. Therefore, a new m = Ca
1
3 relation (for a no-chemical reaction) and m = Ca
1
3.5 (for a
chemical reaction) was observed in these experiments.
The possible future work could be on performing more experiments to measure precipitate
formation in the chemical reaction case. The other methods to calculate mean velocity value so that
the behaviour of fluid displacement can be studied when fluid is filled completely in the capillary
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